Introduction
============

Diabetic kidney disease (DKD), a microvascular complication of diabetes and the leading cause of chronic renal failure, is pathologically characterized as glomerulosclerosis.[@b1-dddt-12-2971] The pathological features of glomerulosclerosis are extracellular matrix (ECM) accumulation and mesangial cell (MC) proliferation.[@b2-dddt-12-2971] MCs are activated when subjected to harmful stimuli, manifested as increased α-smooth muscle actin (α-SMA) expression, and then proliferate and synthesize excessive amounts of ECM proteins.[@b3-dddt-12-2971] Therefore, it is necessary to explore the underlying mechanisms of MC activation in order to block the progression of diabetic glomerulosclerosis.

Sirtuin 1 (SIRT1), a deacetylase regulating several enzymes, proteins, and transcription factors,[@b4-dddt-12-2971],[@b5-dddt-12-2971] is involved in many physiological processes such as cellular senescence,[@b6-dddt-12-2971] metabolism,[@b7-dddt-12-2971] and stress responses.[@b8-dddt-12-2971] Studies have showed that SIRT1 plays a protective role in the onset and progression of DKD.[@b7-dddt-12-2971] A previous study showed that SIRT1 de-acetylated and inactivated NF-κB in MCs, thereby inhibiting their expansion and alleviating renal damage in a streptozotocin (STZ)-induced diabetic rat model.[@b9-dddt-12-2971] In addition, SIRT1 suppressed TGF-β1-associated MC apoptosis via Smad7 deacetylation.[@b10-dddt-12-2971] Therefore, SIRT1 is a potential target for inhibiting MC injury in DKD.

Autophagy is an evolutionarily conserved process wherein cellular protein aggregates and damaged organelles are degraded to maintain intracellular homeostasis. It plays an important role in several kidney diseases including DKD[@b11-dddt-12-2971] and is also involved in MC injury.[@b12-dddt-12-2971]--[@b14-dddt-12-2971] Xu et al[@b12-dddt-12-2971] found that autophagy blocked advanced glycation end products (AGEs)-induced MC apoptosis by inhibiting the production of reactive oxygen species (ROS). Lu et al[@b13-dddt-12-2971] demonstrated that ursolic acid improved diabetic MC injury by enhancing autophagy. However, whether autophagy can also regulate MC activation and whether this mechanism is associated with the autophagy inducer SIRT1 is not fully understood.

Astragaloside IV (AS-IV), a bioactive saponin extracted from the *Astragalus* root, can exert a variety of pharmacological effects via its anti-oxidative and anti-inflammatory functions.[@b15-dddt-12-2971] Previous studies have shown that AS-IV attenuated MC injury induced by hyperglycemia by suppressing ROS production.[@b16-dddt-12-2971] Chen et al[@b17-dddt-12-2971] showed that AS-IV also inhibited hyperglycemia-induced MC proliferation. A recent study has shown that AS-IV protected against podocyte injury by enhancing autophagy in a STZ-induced diabetic mouse model.[@b18-dddt-12-2971] However, the effect of AS-IV on MC activation and the mediatory role of autophagy, if any, is unknown. Therefore, we investigated the effect of AS-IV in hyperglycemia-induced MC activation, with a major focus on the role of autophagy.

Materials and methods
=====================

Reagents
--------

AS-IV (C41H68O14, molecular weight =784.97, purity by high-performance liquid chromatography \[HPLC\] ≥98%) was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). SRT1720 (S1129), EX527 (S1541), rapamycin (S1039), and 3-MA (S2767) were obtained from Selleck Chemicals (Houston, TX, USA). Rabbit polyclonal anti-alpha smooth muscle actin (α-SMA), anti-fibronectin (FN), anti-collagen IV (Col IV), anti-LC3 II, anti-Beclin 1, anti-SIRT1, and anti-NF-κB p65 (acetyl K310) (Ac-p65) antibodies were purchased from Abcam (Cambridge, UK).

Cell culture
------------

The conditionally immortalized mouse glomerular MC line SV40 MES 13 was obtained from China Infrastructure of Cell Line Resources. The cells were cultured in low glucose (5.56 mM) Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin under 5% CO~2~ at 37°C. For all experiments, cells were cultured in serum-free conditions for 24 hours when they reached 80% confluence.

Establishment of DKD model and in vivo experimental design
----------------------------------------------------------

Eight-week-old male KK-Ay mice and male C57BL/6J mice (Chinese Academy of Medical Sciences, Beijing, China) were housed at constant room temperature (24°C) and humidity (70%) under a controlled light/dark cycle. All animals had access to water ad libitum. C57BL/6J mice were fed with standard diet (12% fat, 28% protein and 60% carbohydrates). DKD was induced by feeding the KK-Ay mice with a high-fat diet (HFD; 58% fat, 16.4% protein and 25.6% carbohydrates) for 4 weeks. DKD was diagnosed when the random blood glucose was ≥16.7 mM and urine albumin creatinine ratio (ACR) was ≥300 µg/mg. The DKD mice were then randomized into the untreated (DKD group, n=12) and AS-IV treated (AS-IV group, n=12) groups. The untreated mice were given an oral gavage of aqua distillate, while the treated mice received oral gavages of AS-IV at 40 mg/kg/day. C57BL/6J mice were used as normal controls (NC group, n=12) and given aqua distillate gavage. After 12 weeks, blood and 24-hour urine were collected, and renal tissues were dissected. All experiments were approved by the Institutional Animal Care and Use Committee at Capital Medical University, conforming to the Guide for the Care and Use of Laboratory Animals by the National Institute of Health.

Immunofluorescence (IF) staining
--------------------------------

The renal tissues were fixed in 4% paraformaldehyde, paraffin-embedded and sectioned for IF staining. The sections were deparaffinized, dehydrated, and boiled for antigen retrieval. After inhibiting endogenous peroxidase activity with 3% hydrogen peroxide, the sections were blocked with 5% goat serum for 30 minutes and then incubated overnight with the primary antibodies at 4°C. The following day, the sections were incubated with secondary antibody for 1 hour at 37°C and counterstained with DAPI. Stained cells were imaged with a fluorescence microscope. The primary antibodies used were the rabbit anti-α-SMA (1:100), rabbit anti-α-SIRT1 (1:200), and rabbit anti-Ac-p65 (1:200).

Real-time PCR analysis
----------------------

Total RNA of MCs was extracted using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. To detect the expression of nuclear p65 in MCs, the nuclei were first extracted with a nuclear fractionation kit (Solarbio, Beijing, China), followed by extraction of the nuclear RNA. Real-time PCR primers were designed as described previously.[@b19-dddt-12-2971] Relative expression was calculated using the comparative cycle threshold (Ct) method (2^−ΔΔ^CT).[@b20-dddt-12-2971] The relative expressions of α-SMA, SIRT1, and p65 were normalized to GAPDH internal control. Three independent experiments were performed.

Western blotting
----------------

Total proteins from MCs and renal tissues were extracted, separated by SDS-PAGE and then transferred to PVDF membrane. The membranes were blocked with 5% nonfat dry milk and then incubated overnight with primary antibodies at 4°C, followed by horseradish peroxidase-conjugated secondary antibody (1:1,000, Beyotime, Shanghai, China). The primary antibodies and dilutions used are as follows: rabbit polyclonal antibodies against α-SMA (1:1,000), SIRT1 (1:1,000), Ac-p65 (1:400), LC3 II (1:3,000), and Beclin 1 (1:1,000). The specific bands were detected with enhanced chemiluminescence.

Cell counting kit-8 (CCK-8) assay and enzyme-linked immunosorbent assay (ELISA)
-------------------------------------------------------------------------------

To detect MC proliferation, CCK-8 assay was performed according to the manufacturer's instructions. To determine ECM production, the supernatant of cultured MCs was collected and collagenase (Col) IV and fibronectin (FN) levels were quantified by ELISA according to the manufacturer's instructions (Blue Gene, Shanghai, China).

Statistical analysis
--------------------

SPSS 19.0 software (IBM Corporation, Armonk, NY, USA) was used for statistical analysis. All data are presented as mean ± SD. Student's unpaired *t*-test was used to compare two groups and multiple groups were compared using one-way ANOVA. *P*-value \<0.05 was considered statistically significant.

Results
=======

Effect of AS-IV on hyperglycemia-induced activation of MCs
----------------------------------------------------------

The proliferation rates of MCs exposed to high glucose conditions (30 mM) for varying durations (24, 48, and 72 hours) were measured with the CCK-8 assay. A significant elevation in the proliferation rate was detected at 24 hours that peaked at 48 hours, and then declined after 72 hours of hyperglycemia ([Figure 1A](#f1-dddt-12-2971){ref-type="fig"}). The likely reason is that prolonged exposure to high glucose levels induced apoptosis in the MCs. To determine the effect of AS-IV on hyperglycemia-induced MC activation, the cells were pretreated with different concentrations of AS-IV (25, 50, and 100 µM). AS-IV significantly decreased the proliferation rate of MCs after 48 hours of hyperglycemic exposure ([Figure 1B](#f1-dddt-12-2971){ref-type="fig"}). Furthermore, AS-IV pretreatment significantly lowered the levels of α-SMA mRNA and protein ([Figure 1C and D](#f1-dddt-12-2971){ref-type="fig"}), as well as the FN and Col IV levels in hyperglycemic MCs in a dose-dependent manner ([Figure 1E and F](#f1-dddt-12-2971){ref-type="fig"}). In addition, in situ level of α-SMA was significantly higher in the glomeruli of the untreated DKD mice compared to that of NC mice, and lower compared to the AS-IV treated mice ([Figure 1G](#f1-dddt-12-2971){ref-type="fig"}). These results strongly suggested that hyperglycemia activated the MCs, which was restored by AS-IV in a dose-dependent manner.

Effect of AS-IV on SIRT1 expression in hyperglycemia-induced MC activation and the role of NF-κB
------------------------------------------------------------------------------------------------

To investigate the effect of AS-IV on SIRT1 expression in hyperglycemia-activated MCs, cells with/without AS-IV pretreatment were stimulated under high glucose conditions for 48 hours. SIRT1 expression was significantly decreased in the untreated MCs and restored by AS-IV ([Figure 2A and B](#f2-dddt-12-2971){ref-type="fig"}). To further validate the restorative effect of AS-IV on hyperglycemia-induced SIRT1 inhibition in MCs, the cells were treated with either SIRT1 activator SRT1720 or the inhibitor EX527 for 1 hour after high glucose exposure, and then incubated in the presence (or absence) of AS-IV for 48 hours. AS-IV significantly increased SIRT1 expression in MCs co-treated with SRT1720, while prior exposure to EX527 significantly decreased SIRT1 levels in AS-IV-treated MCs ([Figure 2A and B](#f2-dddt-12-2971){ref-type="fig"}). Taken together, these findings indicate that AS-IV mitigated SIRT1 inhibition during hyperglycemia-induced MC activation.

To determine whether AS-IV regulated SIRT1 via the NF-κB pathway, the expression of the NF-κB p65 subunit was analyzed in MCs exposed to hyperglycemic conditions. High glucose levels increased the level of p65 acetylation, which was decreased upon AS-IV treatment ([Figure 2C and D](#f2-dddt-12-2971){ref-type="fig"}). Furthermore, SRT1720 significantly decreased and EX527 increased AC-p65 levels in MCs treated with AS-IV ([Figure 2C and D](#f2-dddt-12-2971){ref-type="fig"}). Taken together, our results indicate that AS-IV exerts its effect on hyperglycemia-activated MCs via the NF-κB pathway by SIRT1-mediated de-acetylation of p65 subunit.

We also detected the in situ expression of SIRT1 and AC-p65 in the mice glomeruli. SIRT1 expression was decreased and AC-p65 was increased in the glomeruli of untreated DKD mice compared to the NC group, while AS-IV treatment increased SIRT1 expression and decreased AC-p65 expression ([Figure 3](#f3-dddt-12-2971){ref-type="fig"}).

AS-IV and SIRT1-induced inactivation of NF-κB signaling results in autophagy in hyperglycemia-activated MCs
-----------------------------------------------------------------------------------------------------------

A previous study reported that NF-κB signaling regulated autophagy via SIRT1 deacetylation.[@b21-dddt-12-2971] To explore the role of SIRT1-induced inactivation of NF-κB signaling in MC autophagy under hyperglycemic conditions, we analyzed the expression of the autophagy markers Beclin 1 and LC3 II. Hyperglycemia decreased the level of Beclin 1 in MCs, which was restored by AS-IV treatment ([Figure 4A](#f4-dddt-12-2971){ref-type="fig"}). LC3 II levels also increased significantly I the MCs after AS-IV treatment under hyperglycemic conditions ([Figure 4B](#f4-dddt-12-2971){ref-type="fig"}).

To further affirm the role of the SIRT1-NF-κB axis in regulating autophagy, MCs were treated with SRT1720 or EX527 after high glucose exposure for 1 hour, and then with AS-IV for 48 hours. While SRT1720 significantly increased Beclin 1 expression, AS-IV and EX527 co-treatment decreased Beclin 1 levels in the MCs ([Figure 4A](#f4-dddt-12-2971){ref-type="fig"}). Similarly, LC3 II level was significantly increased in MCs pro-treated with SRT1720, but decreased in MCs co-treated with EX527 and AS-IV ([Figure 4B](#f4-dddt-12-2971){ref-type="fig"}). In addition, both autophagy markers were increased in the presence of SRT1720 and were inhibited by EX527 in MCs under hyperglycemic condition, independent of AS-IV ([Figure 4A and B](#f4-dddt-12-2971){ref-type="fig"}). Therefore, AS-IV promoted autophagy in hyperglycemia-activated MCs by promoting SIRT1-mediated deacetylation of NF-κB p65 subunit.

We also detected the levels of the autophagy markers in renal tissues and found them significantly decreased in the untreated DKD mice kidneys compared to the NC mice, and increased in the AS-IV-treated DKD mice ([Figure 4C and D](#f4-dddt-12-2971){ref-type="fig"}).

Effect of AS-IV on hyperglycemia-inhibited autophagy to suppress MCs proliferation
----------------------------------------------------------------------------------

Autophagy maintains intracellular homeostasis by degrading damaged cellular components. To further explore the role of autophagy in hyperglycemia-induced MC proliferation, the cells were treated with the autophagy inhibitor 3-MA or activator rapamycin after high glucose exposure, followed by AS-IV treatment for 48 hours. AS-IV decreased the proliferation rate of MCs and this ameliorative effect was inhibited in the presence of 3-MA ([Figure 5A](#f5-dddt-12-2971){ref-type="fig"}), while rapamycin suppressed MC proliferation. Taken together, AS-IV inhibited hyperglycemia induced MC proliferation by enhancing autophagy ([Figure 5A](#f5-dddt-12-2971){ref-type="fig"}).

Effect of AS-IV-induced autophagy on hyperglycemia-activated MCs
----------------------------------------------------------------

To explore the effect of AS-IV induced autophagy on hyperglycemia mediated MC activation, the cells were exposed to high glucose levels for 1 hour and then treated with 3-MA for another hour, and incubated in the presence of AS-IV for 48 hours. AS-IV and hyperglycemia led to a greater decrease in α-SMA mRNA and protein levels in MCs compared to hyperglycemia alone, and this effect was reversed in the presence of 3-MA ([Figure 5B--D](#f5-dddt-12-2971){ref-type="fig"}). Similarly, AS-IV-mediated decrease in FN and Col IV levels was also abolished by 3-MA during hyperglycemia-induced MC activation ([Figure 5E and F](#f5-dddt-12-2971){ref-type="fig"}). These results strongly suggested that AS-IV impeded the MC activation induced by hyperglycemia by enhancing autophagy.

Effect of AS-IV on renal function and morphology in diabetic KK-Ay mice
-----------------------------------------------------------------------

To explore the effect of AS-IV on renal function and morphology in KK-Ay mice, ACR and microalbuminuria (mAlb) levels were measured in the urine, and renal tissues were analyzed by routine hematoxylin-eosin and Masson staining. Furthermore, electron microscopy (EM) was used to observe the thickness of glomerular basement membrane (GBM). AS-IV treatment decreased urine ACR and mAlb levels ([Figure 6A and B](#f6-dddt-12-2971){ref-type="fig"}) and also alleviated mesangial expansion, proliferation, and ECM protein overproduction compared to the untreated DKD mice ([Figure 6C](#f6-dddt-12-2971){ref-type="fig"}). In addition, AS-IV treated mice had thinner GBM and better glomerular foot process fusion compared to the untreated DKD mice ([Figure 6C](#f6-dddt-12-2971){ref-type="fig"}). Taken together, AS-IV improved renal function and morphology in diabetic KK-Ay mice.

Discussion
==========

MC activation plays a vital role in the progression of glom-erulosclerosis in DKD.[@b22-dddt-12-2971] It can be triggered by various pathological conditions such as oxidative stress and autophagy. Several studies have shown the effect of AS-IV on autophagy in various cells,[@b18-dddt-12-2971],[@b23-dddt-12-2971],[@b24-dddt-12-2971] including the MCs. We examined the effect of autophagy on MC activation and found that hyperglycemia activated the MCs and decreased the expression of LC3-II and Beclin 1. AS-IV treatment reversed these changes, suggesting that AS-IV could enhance autophagy during hyperglycemia-induced MC activation.

Several studies have shown a crucial role of SIRT1 in regulating MC injury.[@b9-dddt-12-2971],[@b10-dddt-12-2971],[@b25-dddt-12-2971] For instance, activation of SIRT1 retarded the ECM accumulation in MCs exposed to TGF-β1.[@b25-dddt-12-2971] There are also reports of a direct effect of SIRT1 on autophagy regulation[@b26-dddt-12-2971]--[@b28-dddt-12-2971] through the deacetylation of autophagy-related proteins such as Atg5 and Atg7.[@b26-dddt-12-2971] Chuang et al[@b28-dddt-12-2971] showed that podocyte autophagy was suppressed in SIRT1 knockout mice. However, only a few studies have reported on the relationship of SIRT1 and autophagy in MC injury. To elucidate this point, we tested the respective effects of an SIRT1 activator and an inhibitor on autophagy in hyperglycemia-activated MCs. LC3-II and Beclin 1 levels were significantly increased in MCs treated with SRT1720, and decreased after EX527 treatment. These findings indicate that SIRT1 activates autophagy in hyperglycemia-activated MCs.

Autophagy can also be modulated by NF-kB signaling.[@b29-dddt-12-2971]--[@b31-dddt-12-2971] Wei et al[@b30-dddt-12-2971] reported that activation of NF-κB signaling suppressed autophagy in hyperglycemia-induced podocytes by downregulating LC3-II. In this study, we found that hyperglycemia suppressed autophagy in MCs along with activating NF-κB signaling, both of which were reversed by AS-IV treatment. The possible mechanism employed by AS-IV is the inhibition of NF-κB signaling by enhancing SIRT1 deacetylation. To prove this hypothesis, MCs were pretreated with the SIRT1 activator or inhibitor. As seen with AS-IV treatment, MCs treated with SRT1720 showed enhanced autophagy and lower NF-κB p65 acetylation levels, while a completely opposite effect was seen with EX527 treatment. Therefore, AS-IV acts as an SIRT1 activator to inhibit the acetylation of NF-κB p65 subunit and enhances autophagy in hyperglycemia-activated MCs. Furthermore, both AS-IV and rapamycin (autophagy activator) suppressed hyperglycemia-induced MC proliferation, while co-treatment with AS-IV and 3-MA (autophagy inhibitor) promoted MC proliferation. These findings suggest that AS-IV-mediated autophagy protects against MC injury under hyperglycemic conditions. Furthermore, our results showed that AS-IV impeded MC activation, which was reversed by 3-MA. Taken together, AS-IV inhibits hyperglycemia-induced MC activation by enhancing autophagy through the SIRT1-NF-κB pathway. However, 3-MA could not fully inhibit the restorative effects of AS-IV, indicating the involvement of other signaling mechanisms.

In summary, our study suggests that AS-IV ameliorates renal function and morphology in diabetic KK-Ay mice and inhibits hyperglycemia-induced MC activation by enhancing autophagy and inhibiting NF-κB signaling by SIRT1 deacetylation. These findings provide the experimental basis to further investigate the therapeutic effects of AS-IV on glomerular diseases.
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![Effect of AS-IV on hyperglycemia-induced activation of MCs.\
**Notes:** (**A** and **B**) CCK-8 assay results showed hyperglycemia increased the proliferation rate of MCs and that AS-IV decreased the proliferation rate of MCs treated with hyperglycemia for 48 hours in a dose-dependent manner. (**C** and **D**) Real-time PCR and Western blotting results showed AS-IV decreased the relative α-SMA levels in MCs exposed to hyperglycemia for 48 hours in a dose-dependent manner. (**E** and **F**) ELISA assay results showed AS-IV decreased the relative FN and Col IV levels in hyperglycemia-stimulated MCs for 48 hours in a dose-dependent manner. (**G**) Immunofluorescence images showed that the expression of α-SMA was increased in DKD group mice glomerulus compared with NC group mice glomerulus and that α-SMA expression was decreased in AS-IV group mice glomerulus. Blue, nuclear staining (DAPI); Green, target protein staining. Data are presented as mean ± SD. n=3. \*Compared with NC, *P*\<0.05; ^\#^Compared with HG, *P*\<0.05.\
**Abbreviations:** AS-IV, Astragaloside IV; CCK-8, cell counting kit-8; DKD, diabetic kidney disease; HG, high glucose; MC, mesangial cell; NC, normal control.](dddt-12-2971Fig1){#f1-dddt-12-2971}

![Effect of AS-IV on SIRT1 and NF-κB p65 expression in hyperglycemia-induced MC activation in vitro.\
**Notes:** (**A** and **B**) Real-time PCR and Western blotting results showed that both SIRT1 activator SRT1720 and AS-IV increased the relative SIRT1 level in MCs exposed to hyperglycemia for 48 hours and that SIRT1 inhibitor EX527 abolished the change of AS-IV. (**C** and **D**) Real-time PCR and Western blotting results showed both SRT1720 and AS-IV decreased the relative p65 acetylation levels in MCs exposed to hyperglycemia for 48 hours and that EX527 increased the p65 acetylation levels. Data are presented as mean ± SD. n=3. \*Compared with co-treated with hyperglycemia and AS-IV group, *P*\<0.05; ^\#^Compared with HG group, *P*\<0.05.\
**Abbreviations:** AS-IV, Astragaloside IV; HG, high glucose; MC, mesangial cell.](dddt-12-2971Fig2){#f2-dddt-12-2971}

![Effect of AS-IV on SIRT1 and NF-κB p65 expression in vivo.\
**Notes:** Immunofluorescence images showed that the expression of SIRT1 was decreased and p65 acetylation was increased in DKD group mice glomerulus compared with NC group mice glomerulus and that AS-IV treatment increased SIRT1 expression and decreased p65 acetylation expression in glomerulus.\
**Abbreviations:** AS-IV, Astragaloside IV; DKD, diabetic kidney disease; NC, normal control.](dddt-12-2971Fig3){#f3-dddt-12-2971}

###### 

Effect of AS-IV on SIRT1-induced inactivation of NF-κB signaling results in autophagy in hyperglycemia-induced MCs activation.

**Notes:** (**A** and **B**) Real-time PCR and Western blotting results showed that both SIRT1 activator SRT1720 and AS-IV increased the level of autophagy markers (Beclin 1 and LC3 II) in MCs exposed to hyperglycemia for 48 hours, and that SIRT1 inhibitor EX527 abolished the change of AS-IV. Data are presented as mean ± SD; n=3. \*Compared with co-treated with hyperglycemia and AS-IV group, *P*\<0.05. ^\#^Compared with HG group, *P*\<0.05. (**C** and **D**) Western blotting results showed that AS-IV treatment increased the expression of Beclin 1 and LC3 II in renal tissues compared to the untreated DKD mice. Data are presented as mean ± SD; n=3. \*Compared with NC group, *P*\<0.05. ^\#^Compared with DKD group, *P*\<0.05.

**Abbreviations:** AS-IV, Astragaloside IV; DKD, diabetic kidney disease; HG, high glucose; MC, mesangial cell; NC, normal control.
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![Effect of AS-IV-induced autophagy on hyperglycemia-activated MCs.\
**Notes:** (**A**) CCK-8 assay results showed that both autophagy activator rapamycin and AS-IV (100 µM) decreased the proliferation rate in MCs exposed to hyperglycemia for 48 hours and that autophagy inhibitor 3-MA abolished the change of AS-IV. (**B**--**D**) Real-time PCR and Western blotting results showed AS-IV (100 µM) decreased the relative α-SMA levels in MCs exposed to hyperglycemia for 48 hours and that autophagy 3-MA abolished this effect. (**E** and **F**) ELISA assay results showed AS-IV (100 µM) decreased the levels of FN and Col IV in hyperglycemia-stimulated MCs for 48 hours and that 3-MA reversed this change. Data are presented as mean ± SD; n=3. \*Compared with co-treated with hyperglycemia and AS-IV group, *P*\<0.05. ^\#^Compared with HG group, *P*\<0.05.\
**Abbreviations:** AS-IV, Astragaloside IV; HG, high glucose; MC, mesangial cell.](dddt-12-2971Fig5){#f5-dddt-12-2971}

![Effect of AS-IV on renal function and renal morphology in diabetic KK-Ay mice.\
**Notes:** (**A** and **B**) The data showed AS-IV treatment decreased ACR and mAlb compared to the untreated DKD mice. (**C**) Light and electron microscopy images showed that AS-IV treatment decreased the thickness of GBM and reduced mesangial expansion, proliferation, and ECM protein overproduction compared to the untreated DKD mice. Data are presented as mean ± SD; n=3. \*Compared with NC group, *P*\<0.05. ^\#^Compared with DKD group, *P*\<0.05. The dotted yellow boxes indicate the GBM.\
**Abbreviations:** ACR, albumin creatinine ratio; AS-IV, Astragaloside IV; DKD, diabetic kidney disease; ECM, extracellular matrix; EM, electron microscopy; GBM, glomerular basement membrane; HE, hematoxylineosin; mAlb, microalbuminuria; NC, normal control.](dddt-12-2971Fig6){#f6-dddt-12-2971}
